Radial frequency (RF) contours can be used to represent the boundaries of natural objects, making them a useful stimulus with which to study shape processing. The current study used these contours to investigate whether luminance-and contrast-defined shape cues are combined in the detection of globally processed contours. A set of three experiments are presented. Experiment 1 shows that an RF contour defined by any one of positive or negative luminance contrast relative to background or second-order texture (contrast defined), is detected in accordance with a global pooling of local shape information. Experiment 2 uses a lateral masking paradigm to reveal interactions between global shapes defined by luminance of either polarity or a second-order contrast variation. Experiment 3 shows that an RF pattern defined by all three characteristics (positive, negative luminance polarity and contrast modulation) in nonoverlapping contour sections can still be assembled into a global shape. These findings indicate that at the level where RF contours are globally processed, luminance of either polarity-or contrast-defined shape information can be effectively combined.
Introduction
The perceived brightness and contrast of objects can change under different natural lighting conditions, but the visual system is likely to have shape detection mechanisms which are robust under these changes (Field, Hayes, & Hess, 2000) . Shape information can be represented by luminance (first-order) and contrast (second-order) defined form cues. This has been demonstrated for the detection of line orientation (Allen, Hess, Mansouri, & Dakin, 2003; Badcock & Hutchison, 1998; Smith, Clifford, & Wenderoth, 2001 ) and also for detection of the presence of global structure (Badcock, Clifford, & Khuu, 2005; Graham & Sutter, 1996; Hess, Achtman, & Wang, 2001) .
The perception of global form has been shown to involve several cortical regions in addition to V1, including area V4 (Gallant, Braun, & Van Essen, 1993; Gallant, Connor, Rakshit, Lewis, & Van Essen, 1996; Wilkinson et al., 2000) and the Lateral Occipital Complex (LOC) (Hayworth & Biederman, 2006; Kourtzi & Kanwisher, 2001 ). An understanding of how the visual system represents shape information in each of these areas is likely to be a useful step towards understanding global form perception. Glass patterns (Glass, 1969) and radial frequency (RF) patterns (Wilkinson, Wilson, & Habak, 1998) are two examples of stimuli that have recently been used to study, and compare, the global processing of luminance and contrast-defined form information (Badcock et al., 2005; Hess et al., 2001; Wilson, Switkes, & De Valois, 2004) . Glass patterns are created by randomly placing dot-pairs (dipoles) within an array. The detection of concentric structure in Glass patterns involves the global integration of local dipoles which are arranged in orientations consistent with an overall concentric pattern structure (Badcock & Clifford, 2006; Badcock et al., 2005; Wilson, Wilkinson, & Asaad, 1997) . RF patterns are closed-contour shapes created by sinusoidally modulating the radius of a circle as a function of polar angle, where the number of cycles determines the RF number (see Fig. 1 ). For low RF patterns (below approximately 10 cycles/360°), human sensitivity to deviations from circularity can not be accounted for by local processes only; suggesting global pooling of local shape cues (Hess, Wang, & Dakin, 1999; Jeffrey, Wang, & Birch, 2002; Loffler, Wilson, & Wilkinson, 2003) . Area V4 is suggested to be the site where local orientation cues are globally integrated in the detection of Glass patterns (Badcock & Clifford, 2006; Tse et al., 2002; Wilson et al., 1997) and where local curvature information is globally assembled to facilitate the detection of RF contour shapes (Habak, Wilkinson, Zakher, & Wilson, 2004; Poirier & Wilson, 2006; Wilkinson et al., 2000) . Additionally, damage to area V4 has been shown to selectively impair our ability to detect global form information, including Glass pattern structure and RF shapes (Gallant, Shoup, & Mazer, 2000) . Psychophysical research has revealed that at the level where Glass there are separate first-order pathways for encoding structure defined by luminance increment dipoles and luminance decrement dipoles (Badcock et al., 2005; Wilson et al., 2004) . Badcock et al. (2005) have also provided evidence suggesting the existence of a separate form pathway for encoding global structure in Glass patterns defined by second-order, or contrast-defined form information. However, the separations which have been reported in the processing of Glass patterns have not been demonstrated in the processing of other global structures thought to be detected in area V4, such as RF patterns. Previous research has implied that there are separate mechanisms for detecting luminance-defined (LD) and contrast-defined (CD) RF patterns (Hess et al., 2001 ) but this has not been tested directly. If RF patterns and Glass patterns are processed by the same detectors in the form pathway, as suggested in the current RF detection model (Poirier & Wilson, 2006) , then the separations reported in the processing of first-order (positive and negative polarity, LD + and LD À , respectively) and second-order (CD) Glass patterns are likely to also be apparent in the processing of RF patterns. The aim of this study was to test for interactions between globally processed LD and CD, RF contour shapes. Using a previously developed lateral masking paradigm (Habak et al., 2004) , we show interactions between same and opposite polarity LD, RF patterns and also between RF patterns defined by luminance polarity (LD + or LD À ) and second-order texture (CD) (see Fig. 1D -F for examples). In a separate study, we measured the strength of shape integration across cycles of an RF contour which alternated between LD and CD shape information and show that these cues can be integrated to form a single global shape (see Fig. 1G and H). Our results provide evidence of differences in the processing of Glass patterns and RF contours, indicating that these patterns are unlikely to be detected by a common neural mechanism.
Methods

Observers
Three experienced psychophysical observers participated in this study. Only observer J.B. (author) was aware of the specific experimental aims. All observers had normal or corrected-to-normal acuity. E.D. has a divergent squint and completed all testing using monocular vision, all other testing was binocular. Participation was voluntary and unpaid and complied with a protocol approved by The University of Western Australia Human Research Ethics Committee.
Apparatus
Stimuli were generated using Matlab 6.5 (Mathworks, Nantucket, 2002) on a host Pentium computer (2.4 GHz). Images were then loaded onto the framestore of a VSG 2/5 graphics card (Cambridge Research Systems [CRS], Rochester, UK, 2002) which was used to present images on a Sony Trinitron 17 SE II monitor with a screen resolution of 1024 Â 768 pixels (12.8°Â 9.6°) and a frame rate of 100 Hz. the mean luminance of the monitor was 50.4 cd/m 2 . The monitor was regularly Gamma corrected using a CRS optical OP 200-E photometer (Head Model No. 265) . Using a chinrest, observers maintained a fixed viewing distance of 131 cm. At this distance a single square pixel subtended 0.75 0 . Testing took place in a darkened room and observers signalled responses using a two-button mouse.
Stimuli
Radial frequency patterns
The contours used in this experiment (see Fig. 1 ) were designed to be consistent with those used in previous research . The distance from the centre of the image to the midpoint of the contour is given by:
In Eq. (1), r and h (in radians) refer to the polar coordinates of the contour and r mean is the average radius of the contour. A is the radial deformation amplitude (restricted to a number between zero and one to prevent overlapping of the pattern centre), x is the radial frequency (number of complete cycles in 2p radians) and u is the relative phase angle of the modulation.
The RF patterns were presented within a Gaussian cross-sectional envelope, with a full width of 6 0 (0.1°) at half height (r = 0.056°). This profile was used rather than the more customary D4 (fourth derivative of a Gaussian) because contrast-modulated textures cannot readily reveal changes of envelope sign and the envelope width would vary between luminance-defined (LD) and contrast-defined (CD) stimuli. For first-order LD and second-order CD patterns, the Weber contrast of the Gaussian was set at +0.99 (À0.99 for the LD À pattern). The CD RF pattern was constructed of envelope-weighted contrast-modulated binary noise where pre-weighted black (À.99) and white (+.99) pixels had equal probability. Prior to testing, multiple examples of these CD contours with the test pattern (aligned at points of maximum curvature), (E) first-order (LD) dark polarity RF5 mask 180°out-of-phase alignment (OP) with the test pattern (not aligned at points of maximum curvature), (F) second-order (CD) circular mask (CC). Each mask composition (light, dark and second-order) was presented in each mask configuration (IP, OP, CC) in separate interleaved conditions. The same masking conditions were used in the second part of Experiment 2, which involved detection of a second-order (CD) textured RF5 test pattern. (G-I) Experiment 3: Examples of an RF6 pattern (G) and reference circle (H) defined by first-order luminance (light and dark polarity [LD] ) and second-order (CD) texture information on the same contour, (I) an analogous RF6 defined by a single luminance characteristic (light polarity). All RF patterns are shown at modulation amplitudes well above detection threshold (0.1 [proportion of radius modulation] for all patterns).
were created and tested for photometric equivalence with the background. The space-averaged luminance was consistently balanced within small 0.1 Â 0.1 grids (8 Â 8 pixels) and across the display. This was done to eliminate residual first-order luminance cues in the stimulus at the scale of the RF contour.
Partial contour deformation
To determine the strength of shape integration for the RF patterns used in this study, thresholds were measured when deformation was applied to a restricted section of contour. Deformation was restricted to either: 1, 2, 3 or 5 complete cycles of an RF5 (see Fig. 1A-C) . To soften the sharp transition where the deformed section of curve rejoins the unmodulated path, a smoothing function was applied in accordance with previous research (Loffler et al., 2003) .
Probability summation
If detectability improves due to probability summation of independent detectors responding to local regions of the contour, then the rate of likely improvement is predictable (Loffler et al., 2003) . Each of the detection thresholds reported in the experimental data was estimated by fitting a Logistic function to the raw response data (as described in Section 2.4). However, to facilitate direct comparison with the previous research, we used a Quick function (Quick, 1974) to obtain an estimate of the average slope of the psychometric function 'k', for all conditions involving the detection of a single modulation cycle. Loffler et al. (2003) assumed that the relationship between threshold and the number of cycles is given by
In Eq. (2), Th is threshold (expressed as a Weber fraction [Dr/r]), c is a constant and N is the number of cycles. The average slope of the psychometric function 'k' across conditions (N = 45) in this study was 2.4 (±0.38 [95% confidence interval]), which is very similar to values which have been reported previously (Hess et al., 1999; Jeffrey et al., 2002; Loffler et al., 2003) . Substituting our 'k' into Eq. (2) results in a slope of À.41 for the prediction of probability summation. This prediction is plotted on the figures describing RF integration for comparison (Figs. 2 and 5 dashed line).
Masked trials
Masking conditions were designed to be comparable with those employed in previous research (Loffler et al., 2003) . In all trials, the test and reference patterns had a radius of 1°. The radius of the masking pattern was larger, and determined by several parameters (see Fig. 1D -F for examples). In any radial direction, the minimum distance (when both patterns have zero amplitude [A = 0 in Eq.
(1).]) between the centre of the mask contour and the centre of the test pattern contour was 0.2°. This distance equates to 0.025°w hen the height of the Gaussian envelope of each contour is at 1% of its maximum. The amplitude of the RF mask was set at 15 times the threshold amplitude required for detection (measured for each observer). Therefore, for LD masking patterns, the average distance between test and masking pattern was 0.29°(for all observers). However, CD RF patterns require higher thresholds for detection (Hess et al., 2001 ) (and see our Fig. 2 ) and consequently, greater modulation of the radius at 15 times threshold (compared to luminance-defined RF patterns). In order to maintain our specified minimum mask-test pattern distance (0.2°), the radius of these contrast-defined RF masking pattern was increased appropriately for each observer (J.B. and E.C. 0.37°; E.D. 0.42°). In conditions where the mask was a smooth circle (unmodulated RF pattern), the radius of the mask was reduced in order to maintain the minimum separation distance. This procedure is consistent with previous masking literature (Habak et al., 2004) and was used to minimise the likelihood that interactions between local contour edges could selectively influence the results.
Procedure
The observer was always required to choose, in a 2IFC task, the pattern which appeared most deformed from circularity. In all conditions, the phase of the test pattern was randomly chosen on each trial. For masked trials, the pattern being judged was the inner stimulus. No feedback was given. The test and reference patterns appeared, in random order for 160 ms with a 300 ms ISI. No fixation point was provided and the position of the pair of patterns was spatially jittered up to ±0.19°from presentation to presentation. The method of constant stimuli (MOCS) was used to control stimulus presentation. Within a trial, the radial amplitude of the test pattern was presented at one of seven levels that were randomly interleaved from trial to trial. A Logistic function was fit to the data obtained for each condition and the modulation amplitude (expressed as a proportion of the mean radius [Weber Fig. 1A -C). The vertical axes give the modulation amplitude as a proportion of the radius (Dr/r). The horizontal axes indicate the number of cycles of the RF5 pattern being detected (1, 2, 3 or 5). Both axes are on a logarithmic scale. The slope of the power function fit to each observer's data is given in figure (±1 SE). Error bars show the 95% confidence intervals (CIs) of each threshold estimate. The dashed line is the predicted slope (À.41) of a probability summation. The probability function in each figure is anchored to the average threshold (across observers) for detecting a single cycle of that pattern. fraction]; note: test pattern radii are identical in all conditions) which corresponded to 75% accuracy was estimated. Each threshold calculation was based on at least 420 responses by each observer. Testing was completed in 1-h sessions across several days.
Experiments
3.1. Experiment 1: Global processing of luminance-and contrastdefined RF patterns Previous research using LD, D4 (fourth derivative of a Gaussian) RF contours has shown that for patterns below approximately RF10, our ability to detect deviations from circularity is consistent with global processing (Hess et al., 1999; Jeffrey et al., 2002; Loffler et al., 2003; Wilkinson et al., 1998) ; i.e. thresholds for detecting successive cycles of a specific RF pattern improve more rapidly than predicted by a probability summation of local detectors reaching threshold (Loffler et al., 2003) . For second-order CD RF patterns, sensitivity to modulation from circularity for an intact stimulus is worse than sensitivity to modulation of its constituent pieces (Hess et al., 2001) . Differences in performance for the intact, and pieces conditions were used to argue that the detection of contrast-defined RF patterns also involves global processing (Hess et al., 2001 ). Prior to investigating whether there are interactions between LD and CD global RF shapes, it was necessary to ensure our LD, RF patterns of both polarities (light LD + or dark LD À relative to the background luminance) and second-order, CD, RF patterns are processed globally. Therefore, in separate conditions, the first experiment measured the strength of shape integration across individual cycles of an RF5 pattern defined by each characteristic (see Fig. 1A -C), This technique was also used by Loffler et al. (2003) . If the RF5 pattern is detected by a global mechanism then the improvement in thresholds as additional cycles are being detected should be more rapid than predicted by probability summation (see Section 2.3.3). An RF5 was chosen as it has previously been shown to be detected in accordance with global processes, at least for a LD D4 RF contour (Loffler et al., 2003) . Fig. 2A -C presents the performance of three observers when detecting a variable number of cycles of an RF5 pattern. Each figure presents results for a different RF pattern composition. The y axis plots the maximum proportion of radius modulation required for detection. The x axis indicates the number of modulation cycles that were being detected (1, 2, 3 or 5). Both axes are on a logarithmic scale. Results are very similar for each pattern type and across all three observers. In each figure, a steep improvement in thresholds occurs as additional cycles of the RF5 are added to the contour. A power law was fit to each observer's data set and the index of this slope is given in Fig. 2 (±1 SE) . This index can be used to describe the strength of the pooling of information across cycles. The data indicate that there is strong global pooling of shape information across cycles of an RF5 pattern which is defined by either luminance polarity (LD + or LD À ) or second-order contrast-modulation. The slope estimates are very similar to those reported for a D4, LD, RF5 stimulus (Loffler et al., 2003) (À0.69 in their Fig. 1 ) and the rate of threshold improvement is more rapid than the prediction from probability summation (dashed line).
Results and discussion
The slope estimates for the LD À pattern are systematically steeper than for the LD + pattern but as expected, performance for both patterns is very similar at each point, to performance for a LD, D4, RF pattern (Loffler et al., 2003) . However, when the RF5 pattern is contrast-defined (CD), thresholds in each condition appear to be approximately two times (J.B. and E.C.), or 2.5 times higher (ED) than thresholds reported for LD, RF patterns (LD + or LD À ). This performance level is a little better than might be expected, considering previous reports showing that CD, RF patterns are detected some 2-8 times worse than the equivalent LD, RF pattern (Hess et al., 2001) . It seems unlikely that the higher sensitivity which we report can be accounted for by the presence of a low level luminance artefact in our CD, RF patterns, because thresholds for detecting LD, RF patterns are not affected by reducing the luminance contrast of the pattern, and we do not show a level of performance consistent with a LD, RF stimulus . Also, we took steps to avoid systematic luminance cues when constructing the CD, RF patterns (see Section 2.3). Because we used larger radii RF patterns in the current study (1°radius pattern compared to a 0.5°radius patterns used by Hess et al.) we decided to investigate whether sensitivity to CD, RF patterns is affected by radius. Fig. 3 presents data for three observers when detecting CD, RF5 patterns of several different radii. For all three observers, there is a large improvement in thresholds from a 0.5°radius to a 1°radius RF pattern. Observers E.D. and E.C. show some additional improvement at larger radii (>1°) while J.B.'s performance plateaus. These results indicate that the mean radius does influence detection of contour modulation in a CD RF pattern. In addition, the thresholds shown in our Fig. 3 for a 0.5°radius CD pattern are consistent with the performance levels reported by Hess et al. (2001) for a 0.5°ra-dius CD, RF pattern. These data suggest that for CD, RF patterns with a radius below 1°, global shape processing is not optimal. For LD, RF patterns there is no change in sensitivity over the same range of pattern radii , suggesting that a size constraint exists in the global processing of CD, RF contours that is not found for globally processed LD contour shapes. In this experiment we cannot determine whether this is consistent with separate global shape mechanisms for luminance and contrast-defined RF patterns, or, if the difference relates to poorer sampling of contrast-defined shape cues at the early stages of processing by a common mechanism. This question is directly addressed in the next two experiments.
The results of the first experiment provide evidence supporting the global processing of RF5 patterns defined by: luminance cues (positive or negative polarity relative to the background luminance) and second-order contrast (same average luminance as the background) information. This first study was conducted to demonstrate that the RF patterns used in Experiment 2 are detected in accordance with global processes. Fig. 3 . The data presents results for three observers detecting second-order (CD) RF5 patterns (see Fig. 1C ) of varying radii. The vertical axis shows the amplitude of radius modulation (expressed as a Weber fraction). The horizontal axis states the radius of the RF test and reference patterns. Error bars show 95% confidence intervals (CIs).
Experiment 2: Interactions between luminance-and contrastdefined RF shapes
Two studies have shown that, when detecting global structure in Glass patterns, signal dipoles defined by luminance increments are not combined with signal dipoles defined by luminance decrements; suggesting separate pathways (Badcock et al., 2005; Wilson et al., 2004) . Badcock et al., also propose a second-order form pathway for processing global structure in textured CD Glass patterns. Separate pathways have also been suggested for detecting LD and second-order (CD) RF contours (Hess et al., 2001 ) but independence has not been investigated directly. Experiment 2 tests for interactions between LD and CD, RF shapes using a lateral masking paradigm that has already been employed in previous research (Habak, Wilkinson, & Wilson, 2006; Habak et al., 2004) . Masking is very tightly tuned for RF, so in the current study, the mask and target were the same RF (RF5). In separate conditions, thresholds for detecting a LD, RF5 pattern in isolation and a CD, RF5 pattern in isolation were measured and then compared to thresholds for detecting the same RF5 in the presence of a surrounding RF5 mask that was defined by one of: luminance increments (LD + ), luminance decrements (LD À ) or by second-order texture (CD) [see Fig.  1D -F]. Habak et al. (2004) also reported that masking was tightly tuned for angular phase alignment between the points of maximum curvature on the mask and test pattern. To promote comparison with this research, three configurations were used for each mask type (Fig. 1D-F ): mask and target in angular phase alignment (IP), mask and target 180°out-of-phase alignment (OP) and a circular mask condition (CC). The circular mask provides a measure of how shape-specific the masking effects are and based on previous research (Habak et al., 2004) was not expected to be an effective mask but if proximity of local contours is critical, the circle maintains this factor.
If Glass patterns and RF contours are analysed by the same detectors in the form pathway, as proposed by Poirier and Wilson (2006) , then the separations in the processing of luminance polarity and contrast-defined form information previously shown in concentric Glass pattern detection (Badcock et al., 2005; Wilson et al., 2004) should also be apparent in RF contour detection. Alternatively, RF contours defined by luminance polarity (positive or negative) or by contrast information, may not be represented independently at the site where RF patterns are detected. This would imply that the detection of global structure in Glass patterns and RF contours has some important differences. A repeated-measures ANOVA was used to test for significant differences and the Newman-Keuls multiple comparison Post-hoc test was used to test for statistical differences (p < .05 criterion) between specific masking conditions and detection of the test RF5 pattern in isolation.
Results and discussion
The left side of Fig. 4 . The y axis plots thresholds as the proportion of radius modulation required for detection of the RF5 test pattern. The x axis describes the type of mask, as well as its specific configuration for each condition. The horizontal line shows each observer's threshold for detecting a LD + , RF5 pattern in isolation and this is the baseline that each condition in the figure is compared to. Results are very similar for all three observers. Using the average threshold for each observer in each condition in the analysis, a repeated-measures ANOVA revealed a significant effect of masking (F 9,18 = 12.81, p < .0001). Post-hoc comparisons were then used to determine which masking conditions were significantly different from the baseline threshold for detecting a LD Overall, significant masking of RF pattern detection with an IP, RF mask and an absence of masking by the OP, RF mask and the CC mask is entirely consistent with previous results using D4, LD, RF patterns (Habak et al., 2004) . This finding shows that lateral masking of an RF pattern is tuned for RF shape and also, for angular phase alignment of the points of maximum curvature between mask and test patterns.
An additional comparison between the IP masking conditions reveals that there was no significant difference in the amount of masking obtained with a LD + , RF mask and that observed with a LD À , RF mask (p > .05), indicating that positive and negative polarity luminance-defined shapes are not processed independently in the detection of global RF shape. Threshold elevation in the presence of the CD, IP mask was significantly less than the threshold increase in the presence of a LD + , RF mask (p < .05) but was not significantly less than threshold elevation in the presence of a LD À , RF mask (p > .05). This may not be surprising given that higher detection thresholds for the CD, RF patterns (compared to LD, RF patterns) meant that the average radius of the mask (at 15 times threshold) was increased in order to maintain a minimum distance to the test pattern (see Section 2.3) and previous research has shown that masking decreases as the mean radius of the mask pattern increases relative to the test pattern (Habak et al., 2004) . The overall results indicate that when LD, RF patterns are being detected, there are interactions between global shapes defined by the same and opposite luminance polarity and between LD and CD patterns.
The right side of Fig. 4 shows results for three observers under the same masking conditions but now thresholds are for detecting a CD, RF5 pattern. Both axes are the same but the horizontal line in each figure now indicates the baseline threshold for detecting a CD, RF5 pattern in isolation. Using the average threshold for each observer in each condition, a repeated-measures ANOVA revealed a significant effect of masking (F 9,18 = 6.11, p < .001). Again, Posthoc comparisons were used to investigate differences between specific conditions and the baseline. Compared to detection of the CD, RF5 by itself, there was a significant increase in thresholds in the presence of a CD, RF5 mask that is in-phase alignment with the test pattern (CD mask IP: p < .01) but no significant masking with an out-of-phase mask (CD mask OP: p > .05). However, thresholds were also significantly higher than baseline in the presence of the CD circular mask (CD mask CC: p < .05), suggesting that the masking of a CD, RF5 pattern is less tuned for the shape of the mask than was found for masking of a LD, RF pattern (left side of Fig. 4) .
Conditions involving LD masks did not produce similar results across observers, so, here it was necessary to analyse individual results. For observer JB CD, RF5 thresholds were significantly masked in the presence of a LD , OP: all p > .05). ED shows no significant elevation of CD, RF5 thresholds in any masking conditions. For EC, thresholds for the CD, RF5 were significantly elevated in the presence of a LD + , OP mask (p < .05) but not significantly higher in any other masking conditions. These lateral masking results are not tuned for RF shape in the same way as our previous results (left side of Fig. 4) , however the results indicate that LD and CD, RF shapes are not processed with complete independence in two of the three observers.
Previously a processing asymmetry has been demonstrated in the detection of CD concentric Glass patterns, where detection thresholds were increased in the presence of luminance decrement dotpairs but not luminance increment dot-pairs (Badcock et al., 2005) . Similar results were also found for the detection of symmetry in Glass patterns (van der Zwan, Badcock, & Parkin, 1999) . Our results do not show this type of asymmetry but rather, indicate that the effects of the LD + and LD À masks are similar in each condition. The first part of Experiment 2 (left side of Fig. 4) shows masking between opposite polarity LD, RF shapes and also, masking between LD and CD, RF shapes. If the masking between the LD test pattern and the CD, RF mask (in phase [first column]) was due to the contrast cues available within the LD test pattern (i.e. the use of second-order cues present within both types of pattern), then performance should reduce to a level similar to that found for a CD test pattern with a CD, RF mask (first column right side of Fig.  4 ). This is not the case, thresholds for detecting a LD test pattern with an in-phase, CD, RF mask are significantly lower than thresholds for detecting a CD, RF test pattern with an in-phase CD, RF mask (t (2) = 6.65, p < .05). This indicates that the masking between LD and CD shapes does not simply reflect use of the contrast cues in the LD test pattern. The results involving detection of a CD, RF pattern (right side of Fig. 4) are not systematic, but at least for two observers (J.B. and E.C.) there is evidence that under some conditions, LD and CD, RF shapes do mask each other. The asymmetry in performance between those conditions involving detection of a CD contour shape in the presence of a LD, RF mask and those involving detection of a LD test pattern surrounded by a CD, RF mask is not predicted by the current RF pattern detection model (Poirier & Wilson, 2006) . This asymmetry may reflect individual differences in the increment and decrement responses, as reported by Badcock et al. (2005) . Another plausible explanation which was suggested by an anonymous reviewer is that sensitivity to CD, RF contour shapes is affected by the degree of spatial certainty regarding the location of points of deformation around the pattern. These locations would be most easily predicted in the presence of an in-phase lateral mask, which is where the least amount of masking is observed (in contrast to results involving an LD test pattern). Wilkinson et al. (1998) have reported that spatial certainty does not affect performance for LD, RF contours. To our knowledge, the importance of spatial certainty has not been investigated for CD, RF shapes, although Hess et al. (1999) did compare performance for two different orientations of an RF contour and reported an effect of spatial phase. However, the location of the pattern's points of maximum deformation would also be predicted by an out-of-phase mask (although offset), yet this case does appear to cause some masking of the test pattern, at least for two of the three observers.
Overall, our results indicate that LD, RF patterns and CD, RF patterns are not processed with complete independence. The nature of these interactions is not the same as reported in the detection of concentric Glass patterns (Badcock et al., 2005; Wilson et al., 2004) or for symmetry detection (van der Zwan et al., 1999) . If LD, and CD, RF patterns are processed by a common mechanism, then these cues should be capable of being integrated into a single global contour. To test this prediction, Experiment 3 measured the strength of shape integration across cycles of a single RF pattern that was defined by all three form attributes (see Fig. 1G ).
Experiment 3: Luminance and contrast interactions within a single global shape
Experiment 2 demonstrated that light and dark luminance-defined RF shapes and second-order contrast-defined RF shapes will mask each other, under certain conditions. This result led to a further prediction, that interchanging luminance-and contrast-defined form characteristics along the path of an RF contour would not disrupt the form information being integrated into a single global shape. To investigate this, we measured the strength of shape integration across cycles of an RF6 defined by all three stimulus characteristics (see Fig. 1G-H) . The procedural details were identical to those described in Experiment 1 (see Section 3.1.1). An RF6 was chosen as it permits an even number of each characteristic and is also within the range where global processing of RF patterns has been found to occur (Jeffrey et al., 2002; Loffler et al., 2003) . For conditions where the number of cycles of deformation was restricted, there was equal probability that the deformation would appear in a segment defined by: positive polarity, negative polarity, or second-order contrast-modulation. Each contour segment extended across a full cycle of the sine function, including the point of maximum curvature, which has been shown to be important for detection of modulation in RF patterns (Loffler et al., 2003) . A smoothing function was used to minimise any hard edge cues between adjacent contour sections (at the points of minimum curvature) which may facilitate detection of deformation. As shown in Fig. 1G , this gave the pattern the appearance of having 'gaps' (occlusions) between segments of the contour at the points of minimum curvature. The presence of these occlusions was not expected to interfere with global processing because previous research involving LD, D4, RF contours has shown that occluding points of minimum curvature has little or no effect on performance (Loffler et al., 2003) . In addition, thresholds were measured for detecting cycles of an RF6 pattern composed of a single characteristic (LD + , see Fig. 2 ) but which was otherwise identical to the mixed composition RF6. Performance with the mixed characteristic RF pattern is compared to results with the single characteristic RF pattern, which is more like the stimulus used in previous research (Loffler et al., 2003) . For both types of pattern, the rate of threshold improvement as additional cycles of the RF6 were being detected was estimated by fitting a power function to the data. The slope of this function was used as a measure of the strength of shape integration for each pattern and each slope estimate was then compared to the rate of improvement predicted by a probability summation of independent local detectors reaching threshold (see Section 2.3.3).
3.3.1. Results and discussion Fig. 2 and similarly, the index of the power law is given in figure for each observer and each composition RF6 pattern (±1 SE). The dashed line is the predicted slope (À.41) of a probability summation of independent detectors. textured (CD) form information. The axes are identical to those in Experiment 1 (see Fig. 2 for a full description). The predicted rate of threshold improvement based on a probability summation of independent local detectors is plotted as a dashed line on each figure. For detection of the LD + , RF6 pattern (open square points), all observers show a steep improvement in thresholds as number of cycles increases, suggesting strong global pooling. The fitted slope of the power function (+1 SE) is shown for each observer. A statistical comparison showed that this slope estimate was significantly steeper than the probability summation slope estimate for all three observers: JB (F (1,4) = 18.67, p < .05) and EC (F (1,4) = 22.45, p < .01) and for ED (F (1,4) = 6.53, p = .06 [note: this is significant for a onetailed test as the direction of the difference was predicted a priori). For the mixed composition RF6 (grey solid square points), all three observers show a similarly steep rate of threshold improvement in data plotting detection of successive cycles, suggesting strong global integration of local cues for this pattern also. For all three observers, the slope estimate for the mixed composition RF pattern was significantly steeper than the probability summation estimate: JB (F (1,4) = 18.47, p < .05), EC (F (1,4) = 24.86, p < .01) and for ED (F (1,4) = 5.57, p = .07 [significant as a one-tailed statistical test]). For all three observers, the single composition and the mixed composition slope estimates overlap within ±1 SE of one another, suggesting a similar rate of global pooling. Thresholds and slope estimates for the single composition pattern are similar to those reported for an RF5 in Experiment 1 (Fig. 2) , indicating very little if any loss in performance when the continuity of the contour is broken at points of minimum curvature, as others have demonstrated (Loffler et al., 2003) . However, observers J.B. and E.C. (Fig.  5 ) have consistently higher thresholds for detecting cycles of the mixed composition RF6 compared to the single composition LD + , RF6, indicating that for them there is a sensitivity loss for the mixed composition RF pattern, while ED shows no difference in performance. Since LD shape cues also contain contrast information, it is important to ensure that this decrease in performance does not reflect global integration of second-order contrast cues only, rather than global integration of luminance and contrast cues. One way to test whether performance has decreased to the level expected from second-order shape processing, is by comparing thresholds for detecting cycles of a mixed composition RF pattern, to thresholds for detecting cycles of a pure second-order (CD) RF pattern. To do so, we compared each observer's results for the mixed composition RF6 to their performance for a CD, RF5 in Fig.  2 (note that: there are no underlying differences in performance for an RF5 and an RF6, not only are the mean slope estimates for an RF5 (À0.71 ± 04) and RF6 (À0.69 ± .02) very similar, but also, there is no difference between thresholds for detecting an RF5 and an RF6 in these three observers [t (2) = .43, p = .7]). For all three observers, thresholds for detecting a single cycle of the mixed composition RF6 (which on any trial was equally likely to be defined by either positive luminance polarity, negative luminance polarity, or second-order contrast-modulation) were significantly lower than threshold for detecting a single cycle of the CD, RF5 (J.B.: t (2) = 4.24, p < .05; E.D.: t (2) = 3.82, p < .05; E.C.: t (2) = 8.03, p < .01 [one-tailed t-test]). In addition, thresholds for detecting the complete mixed composition RF6 were significantly lower than thresholds for detecting the complete CD, RF5 (J.B.: t (2) = 3.58, p < .05; E.D.: t (2) = 2.93, p < .05; E.C.: t (2) = 6.08, p < .05 [one-tailed t-test]). These comparisons show that performance for the mixed composition RF pattern is better than performance with a pure CD, RF pattern. This would not be expected if detection of the mixed composition pattern involved global integration of second-order contrast cues only. Because the mixed composition RF6 always contained four cycles of LD shape information, it was also important to ensure that sensitivity for the complete mixed composition RF pattern was consistent with global integration of the secondorder cues and could not be explained by sensitivity to the four LD sections only. This comparison provides a strong test of whether the second-order cues are contributing to the overall performance of the observer. For two observers, thresholds for detecting the complete mixed composition RF6 were significantly lower than thresholds for detecting four cycles of the single composition LD + , RF pattern (J.B.: t (2) = 23.43, p < .01; E.D.: t (2) = 2.94, p < .05 [one-tailed t-test]) but were not significantly lower for E.C. (t (2) = 1.31, p = .15). At least for J.B. and E.D., this shows that detection of the mixed composition RF6 involved global integration of contrast-defined shape information in addition to the luminancedefined shape information. This is also indicated by the high 'goodness of the fit' (R 2 > .97 for all three observers) of the power function to the data plotting threshold improvement across successive cycles of the RF pattern. Overall, the results of Experiment 3 demonstrate that a contour boundary which varies in luminance polarity and also between luminance-and contrast-defined form information can be assembled into a single global RF contour.
General discussion
The current set of Experiments were designed to investigate whether LD and second-order CD form cues are independently represented at the processing level where global RF shapes are detected. The results of the first Experiment showed that light and dark polarity (relative to the background) LD, RF5 contours are processed in accordance with a global pooling of the shape information; consistent with previous research using LD, D4 contours (Loffler et al., 2003) . The first study also showed that a one degree radius CD, RF5 contour is processed globally, since thresholds for detecting additional cycles of an RF5 improved more rapidly than would be expected from a probability summation of independent local detectors. Previous research measured the strength of shape integration for a half degree radius CD, RF pattern and found global performance to be worse than an estimate based on local processes only (Hess et al., 2001) . It seems likely that the difference between our data and Hess et al.'s, reflects a minimum size constraint for optimal global integration of CD shape cues. The data in Fig. 3 support this by showing a large sensitivity loss for CD, RF patterns below a 1°radius. It is also apparent that, across the range of pattern radii tested (up to 2°) CD, RF patterns have higher detection thresholds than those reported for equivalently sized LD, RF patterns . This difference is consistent with the suggestion that there are different limitations for LD and CD, RF patterns, at least at the early stages of shape processing (Hess et al., 2001) .
The second experiment used a lateral masking paradigm to show that positive and negative polarity LD, RF shapes and second-order CD, RF shapes are not processed independently of each other (Fig. 4) . When the test pattern was a LD, RF contour (left side of Fig. 4) , masking was found between same polarity and opposite polarity LD, RF patterns and also between LD and CD, RF patterns. When the test pattern was a CD, RF contour (right side of Fig. 4) , there was systematic masking by another CD, RF pattern but only weak evidence of masking between LD and CD shapes. Nevertheless, the masking data do indicate that opposite polarity LD, RF shapes are not processed independently and also, that LD and CD, RF shapes are not processed with complete independence. We added further support for this conclusion by showing that spatially discrete luminance-and contrast-defined form cues could be globally assembled into a single RF contour (Fig. 5) . Importantly, we demonstrated that this performance could not be explained by the global integration of second-order contrast cues only but rather, involved global integration of luminance-and contrast-defined shape cues. This indicates that luminance-and contrast-defined cues can be globally integrated by a common shape mechanism.
The results of the second and third experiments show that luminance and contrast-defined form cues are integrated at the level where global RF contour shapes are detected. Previous studies which have investigated global form detection using Glass patterns, have found that dot-pairs defined by luminance increments or by luminance decrements are not combined, suggesting separate pathways (Badcock et al., 2005; Wilson et al., 2004) . A distinct pathway for processing second-order contrast-defined global structure has also been proposed (Badcock & Clifford, 2006; Badcock et al., 2005) . This discrepancy implies that Glass patterns and RF patterns are not processed by a common neural mechanism and there is other psychophysical research which also suggests this (Badcock, Almeida, & Dickinson, 2006) . However, several recent studies have implicated area V4 in the processing of global structure in Glass patterns (Tse et al., 2002; Wilson et al. 1997 ) and of global shape in RF contours (Poirier & Wilson, 2006; Wilkinson et al. 2000) . One way this discrepancy could be explained is if RF patterns and Glass patterns are not detected in the same cortical region. Data from fMRI studies suggest that RF contours strongly activate neurons in intermediate form area V4 but in addition, activate cortical cells in higher object-related areas, such as the Fusiform Face Area [FFA] (Wilkinson et al., 2000) and the Lateral Occipital Cortex [LOC] (Rainville, Yourganov, & Wilson, 2005) . Several researchers have suggested that object-related areas such as the LOC are concerned with the representation of holistic objects rather than the superficial features which define the shape (Hayworth & Biederman, 2006; Kourtzi & Kanwisher, 2001; Lerner, Hendler, Ben-Bashat, Harel, & Malach, 2001) . Specifically, responses to shape in the LOC are largely unaffected by altering the luminance and/or contrast of the defining contour features (Grill-Spector, Kushnir, Edelman, Itzchak, & Malach, 1998; Murray & He, 2006; Okusa, Kakigi, & Osaka, 2000) . The current paper provides psychophysical evidence that the global shape mechanism which underpins the detection of RF contours can accommodate variations in the luminance and contrast properties of the object being detected. In addition, it has previously been shown that sensitivity to RF shape is unaffected by changing the luminance contrast of the pattern . These separate pieces of psychophysical data suggest that the processing of RF contours is consistent with the properties of processing in area LOC (Grill-Spector et al., 1998; Murray and He, 2006; Okusa et al., 2000) . This suggestion is supported by recent fMRI research, which has shown that the LOC is involved with the detection of RF contour shapes (Rainville et al., 2005) . This fMRI research also reaffirms that RF contours are an appropriate stimulus with which to study global shape processing.
